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 
Abstract—We statistically characterize received signal power 
variations in the time domain caused by human activity affecting 
60GHz indoor short-range wireless links. Our approach is based 
on propagation measurements in indoor environments 
considering human activity intercepting the line-of-sight (LOS) 
path. It has been previously shown that the ensemble of received 
power levels in dB scale cannot be modeled by a Gaussian 
distribution, as is the case for spatial shadowing variations. In 
this letter, we present a theoretical stochastic approach showing 
that received power variations can follow a Gaussian statistical 
model when considered within the time intervals of similar 
shadowing processes. Our model is shown to have good 
comparison with experimental data. 
 
Index Terms—60GHz wireless communications, human body 
shadowing, indoor propagation. 
I. INTRODUCTION 
GHZ wireless technology has arisen as an exciting 
opportunity for supporting multi-gigabit per second 
(Gbps) communication systems [1]. For indoor short-range 
wireless communications, this technology has been 
standardized by the IEEE, i.e., IEEE 802.15.3c [2] and IEEE 
802.11ad [3] standards. These standards are extensions of the 
existing IEEE 802.15.3 and IEEE 802.11 standards, 
respectively. 
60GHz short-range wireless transmissions are susceptible to 
shadowing loss due to the inherent human activity obstructing 
the line-of-sight (LOS) path [4]-[8]. Shadowing loss is further 
influenced because of the utilization of directional antennas to 
overcome the increased path loss and effects of multipath 
propagation that are present at these frequencies [9]. It is well-
known that spatial shadowing variations in dB scale are 
modeled by a Gaussian distribution [10], [11]. However, there 
is not a rigorous statistical description in the published 
literature for the temporal variability of shadowing of LOS 
paths due to human activity. This seems surprising due to the 
significant impact human body shadowing has on 60GHz 
wireless links. Very recent advances based on measurements 
and simulations revealed that knowledge of human body 
shadowing is essential to estimate the performance [12] and 
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also design of spatial diversity schemes to mitigate the 
performance reduction [13].  
Statistical investigations of shadowing events (i.e., 
shadowing probabilities and shadowing duration) due to 
human activity in indoor environments were presented in [4]. 
An empirical cumulative distribution function (CDF) of power 
loss due to human shadowing was presented in [5], but without 
any further statistical analysis. In [6], it was shown that the 
whole ensemble of power levels when human shadowing 
occurs cannot be modeled by a Gaussian distribution. In [7], 
the shadowing spatial variations were separated from the 
shadowing temporal variations due to human activity. In [8], it 
was considered that human activity influences the first and 
second order reflections, whereas the LOS path remained 
unobstructed. Gaussian and mixture Gaussian distributions 
were used to model second and combined first/second order 
reflections, respectively. A complete statistical description of 
received power levels due to the shadowed LOS path was not 
presented in [4]-[8]. The latter forms the subject of this letter. 
We present received power measurements in the time 
domain using a system that captures and stores power in the 
60GHz band. From the collected measurements, we extend the 
analysis in [6] showing that a Gaussian distribution can be a 
good fit for the power levels in dB scale only within the time 
intervals of similar shadowing processes. This is different from 
the case of spatial variability of shadowing, where the whole 
ensemble of received power levels in dB scale follows a 
Gaussian distribution, as in [10] and [11]. Our analysis is 
based on the development of a stochastic modeling approach, 
which extends that in [10] to account for time-dependent 
shadowing variations.   
II. MEASUREMENT SET-UP 
Our measurement system is based on a VμBIQ 60GHz 
wireless development system [14]. The transmitting system 
consists of:  
a. RF sinusoidal signal generator,  
b. I/Q power splitter and two 0°/180° power splitters to 
generate the differential I/Q inputs to the transmitter,  
c. VμBIQ up-converter 60GHz synthesizer, 
d. transmitting antenna.  
The receiving system consists of: 
a. receiving antenna,  
b. VμBIQ down-converter 60GHz synthesizer, 
c. I/Q power combiner and two 0°/180° power combiners to 
generate the differential I/Q outputs from the receiver, 
d. band-pass filter to reduce the noise power, 
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Fig. 1. Block diagram of the measurement system. 
 
 
Fig. 2. Measurement system and the indoor propagation environment. 
 
e. the spectrum analyzer, 
f. computer to log the measured data. 
A block diagram of the measurement system is shown in 
Fig. 1. The receiving and transmitting horn antennas are 
vertically polarized and have 24dBi maximum gains and a 3dB 
beamwidth of 12 and 11 degrees in the H- and E-planes, 
respectively. The RF sinusoidal signal generator is set to 
800MHz and -10dBm. The VμBIQ transmitter up-converts the 
frequency to the 60GHz band, incorporates a digital frequency 
synthesizer and power amplifier and has a 1GHz baseband 
input bandwidth. At the VμBIQ receiver, the received signal is 
down-converted and sent to the spectrum analyzer. Finally, the 
raw power measurements are then stored on the computer. To 
obtain time domain power measurements, the frequency span 
of the spectrum analyzer is set to 0Hz. By setting the sweep 
time to 5sec, the measured data are stored into blocks of 5sec.  
Eight measurement sets have been collected, categorized 
within two representative categories for human body 
shadowing in indoor short-range wireless communications. 
The first category contains three measurement sets where 
realistic mobility of two people (with a speed of about 1m/sec) 
intercepted the LOS path in an ad-hoc manner. The second 
category contains five measurement sets where a human body 
remains static between the antennas. The distance between the 
transmitting and receiving antennas was 2.5m and 2m for the 
first and second category, respectively. Human bodies are of 
regular pattern in terms of size, weight and clothing and 
blockage is mainly due to the upper parts of body. The 
considered scenarios are adequate for the purpose of our 
analysis, i.e., to statistically characterize shadowing both 
theoretically and through measurements when human activity 
occurs. Fig. 2 shows a photograph of the indoor propagation 
environment together with the components of our 
measurement system.  
III. STATISTICAL ANALYSIS AND RESULTS 
The received power under the presence of human activity 
between the transmitting and receiving antennas is given by [7] 
( ) ( )r t t r hP t P G G PL PL t                                    (1) 
where t  is the time, ( )rP t  the received power, tP  the 
transmitted power, rG  the receiving antenna gain, tG  the 
transmitting antenna gain, PL  the distance dependent path 
loss and ( )hPL t  the time dependent shadowing loss due to 
human activity. Apart from t , all other quantities in equation 
(1) are expressed in a dB scale. As the wireless links are point-
to-point and the distance d  between the transmitting and 
receiving antennas is kept fixed, PL  will be constant 
representing the free space path loss. Thus, assuming the 
absence of any secondary rays due to the use of very 
directional antennas, 
2 2
1010log [ / (4 ) ]PL d  , where   
is the carrier wavelength. Due to the random time varying 
nature of people’s mobility, ( )hPL t  will be a time varying 
stochastic process, thus making ( )rP t  a time varying 
stochastic process. It is evident that the statistics and temporal 
evolution of ( )rP t  will be similar to those of ( )hPL t . 
Extending the analysis in [10], which uses an additive model 
[15] as a basis for analyzing and modeling shadowing, we can 
show that ( )rP t  in a dB scale follows a Gaussian distribution 
within the time intervals of similar shadowing processes, i.e. 
when shadowing arises from the same effect, for example, 
realistic mobility of two people as in the first category, or 
static bodies between the antennas as in the second category. 
More specifically, we express the received narrowband signal 
in complex baseband form as a summation of homogeneous 
time varying plane waves, i.e., as an additive model [15] 
,
1
( ) exp( 2 )
L
l d l
l
h t a j v t

                                               (2) 
where la   is the complex amplitude, i.e., exp( )l l la a j  
and ,d lv  the Doppler frequency of the l
th
 plane wave induced 
by human motion. la  incorporates the impact of antenna 
patterns on the l
th
 plane wave [10], [15]. The number of plane 
waves in equation (2) is infinite considering scattering patterns 
of human bodies similar to [16]. In our case, it is evident that 
temporal variability is the only variability, as both the 
transmitting and receiving antennas are static. Analogous to 
the definition of local area (LA) [17], we can define the 
restricted time interval (RTI) as the maximum time interval 
T , where la  and ,d lv  are constants. Moreover, if l  are 
uncorrelated and uniformly distributed in [0,2 ] , then ( )h t  
 -  
-  
  -
    +
 
  -
    +
 
 -  
-   Q 
+
 
+
 
I I 
V
μ
B
IQ
 T
x
 
V
μ
B
IQ
 R
x
 
S
p
ec
tr
u
m
 A
n
al
y
ze
r 
S
ig
n
al
 G
en
er
at
o
r 
Q 
9
0
◦ 
S
p
li
tt
er
 
9
0
◦ 
C
o
m
b
in
er
 
> AWPL-07-13-0995< 
 
3 
will be a wide sense stationary (WSS) process with respect to  
time [17]
1
. In this case, the mean received power within T  
will be [17]
2
 
2 2
1
( )
L
r l
l
P E h t a

  
                                                  (3). 
where [.]E  is the expectation operator. 
Considering equation (3) in different RTIs, the power of the 
plane waves, and consequently rP , change with time, i.e., rP  
becomes ( )rP t . Such variations are attributed to random 
human activity causing different scattering cross sections to be 
illuminated by the transmitting antenna and seen by the 
receiving antenna. Thus, ( )rP t  will be a time varying 
stochastic process with realizations 
,1 ,2{ ( ), ( ),...}r rP t P t . 
Analogous to the definition of extended LA (ELA) [10], we 
define the extended RTI (ERTI) as the maximum time interval  
eT , comprising of several RTIs, where the plane wave powers 
(i.e., 
2
la ) are stationary random variables. The practical 
implication of such a definition is that within eT , the received 
signal is influenced by the same shadowing processes. In fact, 
eT  
is the duration of shadowing events, which depends on the 
type of mobility (static bodies, slow people mobility, etc) and 
the number of people moving between the antennas [4]. Thus, 
assuming that the plane wave powers are statistically 
independent random variables and adopting the main result 
presented in [10], we conclude that ( )rP t  
in dB scale is 
Gaussian distributed within eT  
and
 
when the number of plane 
waves is infinite, i.e., ( )rP t  
is a Gaussian stochastic process 
when L  . However, with a large number of plane 
waves, which is the practical case,  ( )rP t  
in dB scale is 
approximately Gaussian distributed. As with [10], such a result 
holds for any frequency of operation, type and number of 
scatterers, antenna patterns and polarizations. However, in this 
letter our focus is on the 60GHz band when using directional 
antennas and shadowing occurs due to human activity. From 
the above analysis, it is evident why the whole ensemble of 
power levels cannot follow a Gaussian distribution, as was 
shown in [6]. 
Fig. 3 shows representative examples of the time-domain, 
normalized to LOS, received power (LOS power is normalized 
to 0dBm) for each shadowing category. Each of the two 
categories accounts for a different shadowing process. The 
 
1 A proof can be seen in [17, pp. (98)] for space and frequency varying 
channels written in the form of [17, eq. (4.4.1)]. A similar proof can be 
derived for time varying channels written in the form of equation (2). 
2 A proof can be seen in [17, pp. (111)] for space and frequency varying 
channels. A similar result was presented in [10] for space varying channels. A 
similar proof can be derived for time varying channels (equation (2)), leading 
to equation (3). 
first category accounts for human body shadowing due to slow 
mobility of two individuals (with a speed of about 1m/sec). In 
total, three realization sets have been obtained in the first 
category, see [6]. The second category accounts for human 
body shadowing due to static bodies between the antennas. 
Variations are attributed to the mobility of body parts (e.g., 
hands, torso, head, etc), as is practically impossible for a body 
to remain completely static. Five realization sets have been 
obtained in the second category. We observe in Fig. 3 rapid 
power fluctuations when human shadowing occurs, together 
with a sharp reduction of power during this time interval (that 
is the ERTI eT  in each realization). The utilization of highly 
directional antennas further enhances this effect, as the link 
switches abruptly from a “good state” (i.e., unobstructed link) 
to a “bad state” (i.e., obstructed link). The majority of 
attenuations are between 5-20dB in the first category, lasting 
for about 6sec. As was expected, the majority of attenuations 
in the second category are much higher, i.e., between 45-65dB. 
From the preceding statistical analysis and the above 
discussion about the measurement categories in Fig. 3, it is 
clear that the received power levels in each category will 
follow a Gaussian probability distribution. This is evident from 
Fig. 4, where the probability distributions of measured power 
levels in each category are shown. The mean value and 
standard deviation for the collected power levels in the first 
category (i.e., shadowing due to slow mobility of humans) are 
-13.2 dB and 3.9 dB, respectively. In the second category 
(shadowing due to static human bodies), the mean value and 
standard deviation are -55.1 dB and 7.9 dB, respectively. In 
this figure, we also present the respective Gaussian probability 
distributions with the aforementioned mean values and 
standard deviations for each category. The correlation 
coefficients [18] between the measured and theoretically 
predicted power levels are 0.985 and 0.986 for the first and 
second shadowing process, respectively, showing a very good 
statistical compliance. Thus, the distribution of the measured 
power levels for both shadowing processes is satisfactorily 
approximated by a Gaussian distribution.  
IV. CONCLUSION 
Received power measurements have been collected in the 
60GHz band under the presence of human activity between the 
antennas in short-range indoor links. Two different, but very 
commonly encountered, shadowing processes were 
considered. Very abrupt power fades were observed due to 
human body shadowing. We have shown that received power 
fluctuations arisen from the same shadowing process are 
adequately modeled by a Gaussian distribution. Such a result 
is also compatible with a theoretical statistical analysis based 
on an additive model. As our theoretical analysis upgrades an 
existing powerful theory in [10], it is valid for any frequency 
of operation, type and number of scatterers, antenna patterns 
and polarization. Our approach can be very useful for current 
and future developments in IEEE 802.15.3c and IEEE 
802.11ad standards. 
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A) 
 
B) 
Fig. 3. Examples of measured normalized time-domain received power. A) 
Mobility of two people. B) Static body. 
 
 
A) 
 
B) 
Fig. 4. Probability distributions of measured power levels and Gaussian 
distributions. A) Mobility of two people. B) Static body. 
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